To investigate proteins expressed in the renal tissue of the passive Heymann nephritis (pHN) rat model, we prepared pHN rat models with anti-FxA1 serum and analyzed the proteins differentially expressed in the kidney tissue with label-free liquid chromatography-tandem mass spectrometry. We then analyzed in depth the endoplasmic reticulum stress (ERS)-related protein using an online bioinformatics platform. Forty-one differential proteins and their annotations were obtained. Gene Ontology (GO) function analysis showed that 16 proteins were involved in cellular metabolism and 22 were proteins related to catalytic activity, including protein folding or ATPase. Protein-GO networks indicated that VCP could interact with the ERS marker HSPa5, with both involved in a single pathway. On inhibition of podocyte VCP by RNAi under normal conditions, the HSPa5 expression level did not change, but when the cell was subjected to ERS by tunicamycin, HSPa5 expression significantly increased with RNAi of VCP when compared with the tunicamycin-treated group. Our results showed that ERS plays an important role in podocyte injury of membranous nephropathy and is mediated by an HSPa5-VCP signaling pathway, in which the most predominant proteins are those related to cellular metabolism and catalytic activity. In the past, mass spectrometry (MS) has been of little use in quantifying differential proteins, being limited to mainly qualitative research. Recently, however, comparative quantification of label-free liquid chromatography (LC)-MS proteomics data has emerged as an alternative approach [6] . Label-free quantification [7] MS can determine the differential expression of proteins. In this method, proteins are compared based on the intensities of extracted ion chroma-
Membranous nephropathy (MN), a common nephrotic syndrome in adults, is an important cause of chronic kidney disease [1, 2] . The distinctive pathologic feature of MN is the presence of immune deposits beneath podocytes [3] . The mechanism of podocyte damage is thought to be quite complex, involving activation of complement and cytokines, oxidative stress, and autophagy. The passive Heymann nephritis (pHN) model is the most commonly used animal model to simulate the conditions of MN [4, 5] . Although previous studies have used the pHN model to analyze the mechanism of MN development at multiple sites, few have focused on the gene changes of the entire kidney. The current study therefore analyzed differentially expressed proteins of the pHN rat model with high-throughput technology.
In the past, mass spectrometry (MS) has been of little use in quantifying differential proteins, being limited to mainly qualitative research. Recently, however, comparative quantification of label-free liquid chromatography (LC)-MS proteomics data has emerged as an alternative approach [6] . Label-free quantification [7] MS can determine the differential expression of proteins. In this method, proteins are compared based on the intensities of extracted ion chroma-tograms from complex samples such as enzymatic digests. This method does not require metabolic, chemical, or enzymatic labeling or premixing of the samples [8] . Multiple data sets, typically run in triplicate, are aligned using mass and LC elution time, which improves the sensitivity and accuracy of results when compared with the traditional twodimensional technology [9] [10] [11] . Therefore, label-free quantification MS has the advantages of convenience and reliable protein quantification and identification.
This study on the pHN rat model used label-free quantitative MS for high-throughput identification of differentially expressed proteins at several time points. The endoplasmic reticulum stress (ERS)-related protein was then analyzed in depth using the online analysis platform found at http:// www.uniprot.org and http://bioinfo.capitalbio.com/mas3.0/.
Materials and methods

Experimental animals
Nine 180-200 g male SD (Sprague-Dawley) rats were purchased from Beijing Huafukang Company and divided into three groups containing three animals each: control, 14 d postinjection, and 21 d postinjection. Experimental animals were housed under specific pathogen-free conditions: 22± 1°C, 40% humidity, 12-h : 12-h light/dark cycle, and free access diet. The study was approved by the Institutional Animal Care and Use Committee at the Chinese PLA General Hospital and Military Medical Postgraduate College.
Reagents
Reagents used were acetonitrile (AN; Fisher Scientific, Waltham, MA, USA), formic acid (FA; Fisher Scientific), dithiothreitol (DTT; Sigma, St. Louis, MO, USA), iodoacetemide (IAA; Amresco, Solon, OH, USA), NH 4 HCO 3 (Sigma), trypsin enzymolysis liquid (Promega, Madison, WI, USA), BCA protein concentration detection reagent kit (Pierce, Rockford, IL, USA), tunicamycin (Tm; Sigma), rabbit polyclonal anti-HSPa5, VCP antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-rabbit IgG (Santa Cruz Biotechnology).
Preparation and confirmation of PHN model
Tubular brush border extracts and anti-Fx1A serum was prepared according to the literature [12] [13] [14] . Antisera at 1 mL/100 g (titer 1 : 250) were given as an initial tail vein injection, followed by a second dose 1 h later and one further booster injection. The control group received intravenous injection of the same dose of saline. All pHN rats had heavy proteinuria (urine protein >100 mg/d; normal <20). At 14 and 21 d after injection, rats were anesthetized by intraperitoneal injection of 2% sodium pentobarbital (40 mg/kg) prior to collection of kidney tissue samples.
Cell culture and siRNA transfection
Preserved mouse podocytes (MPCs) provided by Dr. Peter Mundel (University of Miami, Miami, FL, USA) were cultured as described previously [15] . Differentiated podocytes were treated with 2.5 ng/mL Tm (Sigma) for 10 h to induce the ERS.
siRNA-targeting VCP was purchased from Santa Cruz Biotechnology (cat. sc-37188). The siRNA was transfected into MPCs by Jetprime Polyplus transfection reagent (Polyplus-transfection Inc., New York, NY, USA) according to the manufacturers' recommendations.
Protein preparation
Kidney tissues were lysed in buffer solution (50 mmol/L Tris-HCl (pH 7.6), 150 mmol/L NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 0.5% deoxycholic acid, 1 g/mL leupeptin, 1 g/mL aprotinin, and 0.5 mmol/L phenylmethylsulfonyl fluoride), then cooled on ice for 30 min prior to centrifuging at 12000 r/min for 30 min at 4°C. The supernatant was removed and the protein concentration was determined by the BCA method (Bio-Rad, Hercules, CA, USA). Then 10 mmol/L DTT was incubated with 100 g protein at 56°C for 1 h. After cooling to room temperature, the protein was alkalized by 50 mmol/L IAM in darkness for 45 min. Excess IAM was removed with 40 mmol/L DTT at room temperature. The sample was further diluted five times with 25 mmol/L NH 4 HCO 3 . Trypsin 1% was added to digest the protein for 12 and 6 h at 37°C. FA 0.1% was used to terminate digestion, and the debris was removed by centrifugation at 13000 r/min for 10 min. The supernatant was stored at 80°C for MS analysis.
LC-MS analysis
The multidimensional protein identification system is composed of an LTQ-ion trap (ThermoFisher Scientific, Waltham, USA) mass spectrometer with an electrospray ionization (nano-ESI) source. We have performed LC-MS analysis previously [16] . Briefly, 100 g of digested peptides were pre-fractionated then were injected onto a self-made biphasic capillary column by high-pressure nitrogen. The mobile phase consists of three solutions: A (5% AN, 0.1% FA), B (80% AN, 0.1% FA), and C (800 mmol/L ammonium acetate, 5% AN, 0.1% FA). Solution A was used to desalt the biphasic capillary column for 45 min, after which solution C was used to wash it stepwise, with the concentration of ammonium acetate increasing from 0 to 800 mmol/L. The elution from the column was loaded onto a C18 analytical capillary chromatography column and a fraction from the column was ionized by electrospray for MS analysis. The spray voltage was set to 2.0 kV, and the temperature of the heated capillary was set to 200°C. MS data were collected in a data-dependent acquisition mode. Parameters related to MS/MS data acquisition were set as follows: normalized collision energy 35%, ion selection threshold 200 counts, activation Q 0.250, activation time 30 ms, and dynamic exclusion time 30 s. The elution gradient of HPLC and MS scanning were controlled by XCalibur (Fisher Scientific).
Data processing and protein identification
LC-MS data were processed using Progenesis LC-MS software (Nonlinear Dynamics Corp., Newcastle upon Tyne, UK) using the default settings. Proteins were identified using the NCBI rat database (March 2011). The GI number of proteins was transformed into UniProtKB on http://www.uniprot. org [17] . Pathway networks and protein functional grouping were generated by the online platform at http://bioinfo.capitalbio.com/mas3.0/.
Western blotting
Fifty micrograms of total protein was separated by 7.5% SDS-PAGE, transferred to a membrane, and blocked with 5% skim milk, probed with primary antibody for 2 h at room temperature, and incubated with horseradish peroxidase-conjugated secondary antibody. -actin was used for the sample control. Immunoreactive bands were visualized using an enhanced chemiluminescent system.
Real-time PCR assay
RNA was extracted from tissues and cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and was reverse transcribed to cDNA using M-MLV reverse transcriptase (2 g) (Invitrogen). The cDNA was used as a template in quantitative real-time PCR reactions performed using TaqMan PCR Master Mix and an ICycler system (Bio-Rad). The following primers and probe were designed from the full-length VCP mRNA sequence and synthesized by SBS Biotechnology Corp. (Beijing, China): sense, 5′-AAACC-GTGGTAGAGGTGCCA-3′; antisense, 5′-CTTGGAAGG-TGTCATGCCAA-3′; and TaqMan probe, 5′-FAMCAGT-ATCCTGTGGAGCACCCAGACAAATTCTAMRA-3′. As an internal control, rat GAPDH was amplified using the following: sense, 5′-GGCATGGACTGTGGTCATGAG-3′; antisense, 5′-TGCACCACCAACTGCTTAGC-3′; and TaqMan probe, FAM-5′-CCTGGCCAAGGTCATCCATGACA-ACTTTAMRA-3′. Relative expression (fold-change vs. control) was quantified by the 2 C t method [18] .
Statistical processing
All data were analyzed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA) software; data are expressed as the mean ± SD. The differences between the two groups were compared with ANOVA, and P < 0.05 was considered statistically significant.
Results
LC-MS analysis results
There were 2134 total proteins and 234 differentially expressed proteins in all three experimental groups. Of those, 41 had 20 > NRatio > 1.5 (upregulation) or 0.05 < NRatio < 0.66 (downregulation) (NRatio: the change ratio of the up/ down-regulated protein on day 14 or 21 versus control). Five proteins have not been annotated in the Uniprot database, including rCG25753 isoform CRA_b, rCG53940 isoform CRA_a, aldolase B isoform CRA_a, rCG55135 isoform CRA_c, and alanine-glyoxylate aminotransferase 2 isoform CRA_c, and 36 proteins have the corresponding Uniprot ID. Table 1 shows how the proteins were grouped.
Classification of differentially expressed proteins
All differentially expressed proteins, upregulated or downregulated at day 14 or 21, were classified into three groups, A, B, and C. Proteins in group A were downregulated at day 14, but upregulated at day 21; group B showed downregulation at days 14 and 21; and group C showed upregulation at days 14 and 21. As shown in Figure 1 , group A contained UK114, B4F768, CALB1, THIM, OAT, COTL1, Q68FT4, ACTN4, DECR, D3ZZN3, Q66HT1, Q63011, ACON, Q3MHS9, HSP7C, ADT2, Q6AYS2, and Q7TMC7; group B contained DCXR, GSH0, GRP75, Q9QYA6, ATPB, XYLB, G3V826, GRP78g and GSH1; and group C contained NIT2, IDHC, AATC, Q7TP54, TERA, ST1C2, D4A2K1, AASS, and GSHR.
Gene Ontology analysis of differentially expressed proteins
Differentially expressed proteins were analyzed according to the Gene Ontology (GO) classification. As shown in Fig Table 2 . Other biological processes included those of multicellular organisms, e.g. biological regulation and response to stimuli. The proteins related to cell structure include those needed to build, e.g. organelles and macromolecules. Of the proteins related to molecular function, most are related to catalytic activity (22 proteins); details are listed in Table 3 . Other proteins are related to binding or oxidoreductase activity function. 
Analyses of VCP protein
Protein-GO networks of all proteins are provided in Figure  S1 . Combining these results, we analyzed the interaction of proteins using an MAS (Molecular Annotation System). VCP (fold change at day 14 was 1.7281, and 1.2094 at day 21) interacted with many other proteins, suggesting that it plays an important role in the renal disease process. The VCP-GO networks are shown in Figure 3 . The results indicated that HSPa5, markers of ERS, could interact with VCP via slac2a4 (omitted in Table 1 ). We also extracted the detailed GO function of VCP in Table 4 , which showed that (Figure 3 ).
mRNA and protein expression of VCP and HSPa5 in the model
In the LC-MS/MS results, the expression of the two proteins at days 14 and 21 is shown in Figure 4 (a), which includes groups B and C. To verify expression of the two proteins in the three groups, we detected the mRNA and protein expression level using real-time PCR and Western blotting. The results (Figure 4 (b) and (c)) indicated that at days 14 and 21, the mRNA and protein expression level of VCP and HSPa5 were upregulated when compared to normal tissue. Although at day 21, the expression of VCP was downregulated, the difference between the two time points was not statistically significant.
Pathway analysis
All significant pathways in which these differentially expressed proteins were involved are shown in Figure S1 and Table 5 . The main pathways include glutathione metabolism, reductive carboxylate cycle (CO 2 fixation), citrate cycle, arginine and proline metabolism, and control of genes including Gclm, Gclc, Idh1, Gsr, Acss1, Aco2, Idh1, Suclg2, Aldh4a1, Oat, and Got1. We obtained the correlation of these pathway related proteins/genes, as shown in Figure 4 . VCP and HSPa5 were involved in the same pathways.
ERS of podocyte after inhibiting VCP
After treatment of MPCs with tunicamycin for 10 h, the expression level of HSPa5, the ERS marker, was upregulated, as shown in Figure 5 . Expression of VCP also increased. If cell VCP was inhibited by siRNA, HSPa5 expression did not change. After the cell RNAi was treated with tunicamycin, the VCP expression level was lower than that of the group treated with only tunicamycin, but the HSPa5 expression level was significantly higher.
Discussion
Membranous glomerulonephritis (MGN) accounts for approximately 30% of cases of nephrotic syndrome in adults, with peak incidence between the ages of 30 and 50 years and a male to female ratio of 2 : 1 [19] . Major contributions to our current understanding of the disease come from Heymann nephritis, a rat model of MGN [20] . The pathological features of membranous nephropathy are uniform and consistent incrassation of the glomerular capillary basement membrane, and diffuse subepithelial immune complex deposition. An obvious increase in proteinuria was observed in the pHN by day 14 and it peaked on day 21; on this day, interstitial fibrosis appeared [21] . Therefore, we selected days 14 and 21 as the two time points of the pHN model to analyze the differential protein expression profile using label-free LC-MS/MS. Proteomics applied at a large scale may provide useful diagnostic information. Several reports on MN have focused on the urine for diagnostic purposes ; at days 14 and 21, the two proteins showed increased expression, and significant differences were observed between days 14 and 21 compared to normal tissue. *P < 0.05, n = 3. (c) Western blotting determined the protein expression level of VCP and HSPa5; at days 14 and 21, the two proteins showed increased expression, and significant differences were observed between days 14 and 21 compared to normal tissue. *P < 0.05, n = 3. a) P-value: we calculate the P value using a hypergeometric distribution. The genes are enriched significantly in the pathway when P value< 0.05. Q value: Q is Fasle Discovery Rate (FDR), Q default 0.05, the less the Q is, the more significant the genes (or proteins) enriched in the one pathway (or GO term), and the less FDR. Figure 5 VCP was inhibited by RNAi, and ERS was induced by tunicamycin (Tm). MPCs were pretreated with 10 g/mL Tm for 10 h to induce ERS; the expression levels of VCP and HSPa5 were both upregulated, and significant differences were observed compared with the control. *P < 0.05, n = 3. MPCs were transfected with siRNA and VCP protein expression was inhibited ( †P < 0.05, n = 3), but HSPa5 expression did not change. Cells were transfected with siRNA of VCP and treated with Tm; HSPa5 expression increased, and a significant difference was observed between the Tm and Tm+siRNA groups ( ‡P < 0.05, n = 3), although VCP expression was considerable in the control. [22, 23] . However, few reports have analyzed the differentially expressed proteins in the development of MN. Our objective was to identify the differentially expressed proteins seen in the pHN rat model. The results identified 41 differentially expressed proteins among three groups (day 0, day 14, and day 21). According to their expression changes, we divided them into three categories, A, B, and C. Proteins in group A were downregulated at day 14, but upregulated at day 21; group B showed downregulation at days 14 and 21; and group C showed upregulation at days 14 and 21. These proteins played an important role in the cellular process and biological regulation (listed in Table 1 ). The 16 proteins related to cellular metabolism were the predominant components. Since ERS profoundly affects metabolic processes [24] , our findings strongly suggest that ERS on these proteins might be one of the most important biological events at day 14 or 21 in the PHN rat model. In the ERS process, misfolded protein in the ER would be degraded in the cytoplasm by catalytic proteins [25] [26] [27] . Table 3 lists the catalytic proteins (22) and their GO terms. These proteins affect the ERS process.
HSPa8 and HSPa5, the proteins needed for cellular metabolism, belong to the heat-shock protein family, and can bind to nascent polypeptides to facilitate correct folding [28, 29] . They also function as an ATPase in the disassembly of clathrin-coated vesicles during transport of membrane components through the cell [30, 31] . VCP, the catalytic protein, belongs to a family that includes putative ATP-binding proteins involved in vesicle transport and fusion, 26S proteasome function, and assembly of peroxisomes [32] . It also binds with clathrin and heat-shock protein Hsc70 to form a complex [33] . Additionally, it has been implicated in several other cellular events related to mitosis, including homotypic membrane fusion and ubiquitin-dependent protein degradation [34] [35] [36] . Our results indicate that most differentially expressed proteins could interact with each other, as shown in Figure 2 , and among these, VCP could interact with HSPa8 or HSPa5 via slc2a4. Regrettably, our LC-MS/MS did not provide evidence of a significant change in slc24a expression. Our findings suggest that the cell processes mediated by VCP affect the development of MN.
Research indicates that the basic mechanism of MN is complement-mediated injury of the podocyte and its slitpore membrane [37, 38] and that ERS is the main cause of podocyte injury [39, 40] . HSPa8 and HSPa5 are considered the markers of ERS increase [41] [42] [43] , and VCP is an integral component of the ER-associated degradation and cellular stress pathways [44, 45] . The detailed GO analysis of VCP in our study agreed with this finding (Table 4) , and the pathway analyses showed VCP and HSPa5 to be in the same functional pathway. Therefore, we hypothesized that ERS, with VCP as a mediator, is an important trigger of podocyte injury in MN.
To test this theory, we cultured MPCs and induced ERS with tunicamycin, knocking down the expression level by RNAi. Results suggested when VCP of cells was knocked down under normal conditions, the ERS did not change, but VCP knockdown could increase ERS significantly after treatment with tunicamycin. Gp78-VCP interaction may represent one means of degradation of ER-associated degradation substrates [46] . VCP is required for maintenance of normal ER structure and function and mediates the degradation of certain proteins [47] . This supports our results that under normal conditions, the podocyte ERS is unaffected by VCP, but under stress, VCP may be activated to degrade unfolded proteins.
In conclusion, ERS plays an important role in podocyte injury of MN, and it is mediated via the HSPa5-VCP signaling pathway. In this process, the cellular metabolism proteins and catalytic proteins were predominant. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
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